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IMPLOSIVE DEVICES FOR LONG-RANGE
UNDERWATER SIGNALLING
by

Hendrikus W. Tinkelenbarg

ABSTRACT

This report desls with the Work done to deteruine the feasi~
bility of long~distance underwater signalling by means of implo-
sions caused by pressure-activated rupture discs. The design and
use Of a laboratory instrument to study the behavior of rupture
discs under pressure is deecribed. Ths expariments psrformed with
thir instrument and their results are reported. A field experi-
ment was oonducted to deiermine the amount of energy obtained from
implosion devices as well as the distance over which they can be
heard. In the course of the experiments in the laboratory and in
the field it was found that the pressure at which rupture occurs
is determined by the depth of two mutually perpendicular grooves
out into one face of each disc, and that at a dopth of 2300 feet
(1100 psi) an implosive wolums of 3 cubic feet is equivalent in
potential energy to 1 1b, of INT, It is alpo shown that the use
of neutrslly-buoysnt floats equipped with implosive devices to
study deep currents in ths ocean is perfectly feasible.
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1. INTRODUCTION

The nwuiralliy-vucyaint ficat has Ssen an ascop
graphic instrument for nearly a decade (Stommel, 1934)., The
first practical floats were designed and built by J. C. Swallow
who used them quite successfully in May and June of 1933
(SBwalicw, 1985). Sinco then they have bsen used profitably by
Swallow and others iu various studies of the desp circulation
in the ocean (Swallow, 1957; Swallow and Hamon, 1959; Swallow
and Worthington, 1961).

As developed by Swallow, a neutrally-buoyant float consists
of a long thin aluminum tube, closed at both ends, and of such a
design that under the influence of hydrostatic pressura tha float
as & whole is less compressible than seawater. If such a float
is adjusted to have a small amount of negative buoyancy at the
sea surface, it will sink when set overhoard. As it descends it
will bscome compressed due to the hydrostatic pressure and its
density will increase. B8ince ssavater is more compressible than
the float, the density of the water surrocunding the sinking float
will inctease at & greater rate. Thus at sowe depth the float
obtains a small amoung ¢f poaitive buoyancy with respect to its
surroundings and will contints to drift st this depth. A float
carries batteries and aelantronic gesar ingide, a transducer out-

gide, and emits signals at fixed pre~dotermined intervals.
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A ship at the surface can track tho progress of the float by
these signals.

With aleatranine saignallineg the useful range of even very
large fioats is of the order of miles or at Last a few tens of
miles. Thus a float is useful only as long as a ship is avail-~
able to track it. Whersas in theory it seems ruite possible to
track a number of floats simultaneously with the ship, in practice
only on- 20t can be tracked successfully for any worthwhile length
of time. It is obvious that to obtain a significant measure of the
distribution in space and time of the deep currents at some location
in the occesn using neutrally-iuoysvt floats, the cost of such data
in ship-hours and man~hours expended ir.comes prohibitive. Since,
howaver, the concept of neutrally-buoyant floats itself represents
boi;h & great advance in the mapping of deep currents and sn economi-
cal tool, it became clear quitu early to oceanographers that it was
the msthod of tracking the floats that needed to be improved.

The discovery of the SOFAR chmol‘ in the ocean and the
important developments made in the use of underwater sound during
the second World Wer showed several pecple in the field the way to
an elegant tracking system. Differing oinly in details, they con-
ceived of a shore~based network of SOFAR listening stations and a

multitude of neutrally-buoyant floats released either by planes or

% Ses Appendix A.
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3.
ships to drift at many different locations and depths in the
ocean. At regular intervals each float would create a signal
oI sufIicient strength 10 be recorded at the listening stations.
If at least three atations received s'ich a signal an accurate
fix on the flcat's position could be made and its progress plotted.
In those schemes the timing of the signals is of great importance.
An accurate timing mechanism is necessary so that a float mcy he
identified by its unique time of reporting and also to prevent
signais ... «..l.dug simultaneously and maskiiwng each other.

The type of signal to be used and the means to activate 1t
are importesnt considerations. Several ideas have been proposec.
Stommel (1054) envisioned a parent float which would release av
explosive sinker and a compsnsating f(loat to restore neutral bruog -
ancy at regular intervals. This would require only one accuratle
timing mechanism. Another method would set adrift a cluster oi
neutrally~buoyant floats tied together by a neutrally=buoyant
string. At regular intervals, one float would release itself,
flood a previously air-filled compartwent to sink, or release
some ballast to ascend into the SOFAR channel, and gsnerate a
signal to indicate the position of tho cluster. In this plan
more than one clock might ba necessary, but the extra payloed
reprasented by the compensating floats wild be avoided.

For the development of the air-sea rescus network which was

ons of the first practical applications of SOFAR, the only
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4.
satisfactory long-range sighalling devices were high energy
aexplosives such as TNT. B8ince it was clear to oceanographors
that for ocean-wide signalling electronic methods would be Iar
too inefficient, it is not surprising that the early proposals
referring to an ocean~wide Swallow float tracking system take
the use of explosives for granted. There is, however, a great
difference, both with respect to engineering requirements aund
moral or political considerations, between a2 cne~shot no-doalcy
rescue signal and an array of many tens or hundreds of oceanc—
graphic survey floats equipped with high explosives set adrift
in international waters for long periods of timse.

When the author became interested in the tracking of deep
currents h;lr neans of neutrally~buoyant floats in the summer of
1963, the existence of mn ocean spanning network of shore-based
SOFAR listening stations had become a reality as regards the North
Pacific and Nortk Atlantic oceans. The time had come to develop o
neutrally-buoyant float with long-range signalling capabilities.
S8ome effort was given to the design of a safe and reliable explo~
sive float. This was abandoned, howsver, not only for reasons set
forth in the previous paragraph, but also because handling and
storage of the floats prior to their release represented a ygrave
problen. Thus other sources of energy had to be found,

When a hellow body collapses under excessive hydrostatic

pressure, ¢nergy is released as a consequence of the work done
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by the water. If, for example, tha body is a ~phevz, che enargy
18 equal tO th@ Product OXI TNe VOiwee and ihe pressurs ai wiich
collanse occurs. For buoyancy, all Swallow floats have & large
hollow velume. To use the potentiml energy represented by th's
volume is an appealing idea and a harmless one. Since Swallow
floats are designed to withstand nearly all pressures encountered
in the ocean, a method had to be Jeveloped to allow a controlled
implosion to occur at a specified pressure.

Another basic problem was to determine the amount of useful
snergy that could be obtained from an implosion. It is impossibile
to do this in a ligquid-pressurized tank of any finite volume; as
soon as the test vessel begins to collapwe, the pressure in the
tank decreases substantially. A 1947 unpublished report of thre
VWoods Hole Oceanographic Institution estimsted without experiman-

tal evidence that at 1800 psi & volume of one~half cubic foot wu:ld

releass an amount of energy approximately equivalent to that cbtrined

from one pound of TNT. Even i this estimate were off by a factor
of ten, it might still be better to use implosive floats rathar
than to soke extensive use of explosive floats.

This raport describes in some detail the work undertaken to
devslop and study controlled implosion devices. It aleo describes
a field experiment conducted to determine the usefui rangs of im:

plosion devices for long~distance signalling.

L.
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XI, INITIAL DEVELQPMENTS

During the summer of 1963 Allyn C, Vine of the Woods Hole
Oceanographic Institution had in his possession several small
signalling devices designad to implode at difierent pressures.
These were obtained to test the vsefuiness of such devices in
ship-to=bottom scho sounding. Their implosive volume was forned
by & cyliader, 18 inches long with a diameter of 2.5 inches, or
a volume of spproximately 0.C3 cubic feet.

Two such devices were made available to the author for o fi-..d
test in cooperation with the Geophysical Field Station of Columbia
Univirsity at St, David's, Bsrmuda. Both were set for 1880 ps’
which corresponds to the depth of the SOFAR Channel around Bar-udc:.
The devices were placed on ths R/V Crawford which sailed on 1
August 1963 from Woods Hole for Rarbadcs, passing close by Bermu’: .
in addition to the devices, two sma'l explosive charges were p.t
on board equippad with 1800 psi pressure detonators. The charges
wers squivalent to 1/18 1bs of TNT and were nseded to calibrate
the signals from the implosion devices.

The first explosive charge and implosive device were each
equippsd with ballast and th:rown overboard five minutes apart vhe:.
the Crawford was 94 nautical miles south of Bermuda. 81ix hou:s
later at a distance of 176 nautical miles the second pair was treated

similariy. At the expected time of arrival for the Zirst iiplosive
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signal a ship passed over the hydrophone raising the noise level
suiiicientiy tO mask any incoming signals. Fortunately, two ex-~
plosive charges and the second imolos va sisnal warae receiuvsd
clearly. A comparison ,°f the records obtained from the second
explosive charge and the second implosive signal indicates that
the implosive signal wss equivalent in energy to 1/80 lbs of INT,
Considoering the volums of the device, it was tentatively estizated
that at 1880 psi a volume of 4 cubic feet is cpproximately squi-
valent in potential energy to 1 b of TNY, which differs by a
factor of eight from the 1047 estimate of the Yoods Hole Oceano-
graphic Institution (eee psge 3). The large distance over which

this implosion signal had been heard encouraged the author to con-

tinue with the development of neutrally-buoyant implosive aignrlling

devices.
The impl riive devices used in the Bermuda field test were

holiow cylinders, with a stiff disc at one end snd a rupture disc
&t the other. These rupture discs are commercially avallable and
consist of small metal plates, slightly concave in sppearance, and

prestreased in such a sanner as to oollgpse under a known critical

_ pressure. Their main purpose is {0 guard sgainst dasmags from ex-

-’ cessive pressures in industrial fluid and gas installations.
The resuits of the Bermuda test indicated that for ocean-wide
signalling larger implosive woll .ws would bs nseded. It was olso

cluar that larger rupture disss were rcquired so that both the
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length and the diameter of the floats could be increassd.

- The largest inner diametsr of tubing which has a wall thickness I
wvhich can withatand the pressures at depth in the ocaan, yet still
is thin enough tO be managable and inexpensive, is wp@mtoly
six inches. Rupture discs are not commerically available in thigs
size. The cost of developing thsm commerclally proved prohibitive.
It was decided to try and develop rupturc discs within the scope
of the project at the Massachusetts Institute of Technology.

It was assumsd at once that the rupture discs should be made of

' netal to have both the strength to withstand great pressures and the

: : ductility to deform and eventually rupture at critical pressures.
» : . In the design of metal rupture discs, two conaiderations are of

prime importance. First, when rupture occurs, a disc should shat:-»

(oS RN

rapidly and completely 30 as not to impede the forcsd flow of water
intc the tubs. 8econd, soms fairly straightforward method to con-
trol the pressure at wvhich a disc will rupture had to be developec.

Tu assure proper collapse of the disc one surface may be scored

with one or more grooves running from edge to edge through the ce:ter

‘)':;:
&

and dividing the disc into equal sections. The optimm nuwmbar of
groovss had to be determined experimentally and was found to be 2.
A disc so soorsd will break into four sections which fall freely
into the tube. One score leaves two half discs, esach of which i«
too large to move freely. The behavior of disce with more than two

scores was essuntially identical to disca with two mut:ally perpen-
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dicular scores, Rupture would begin along ons groove and slightly

later utart along & second groove. Once bagun along a second grnova,

collapse into four sections would bs rapid and complete.
That rupture will comssnce first along one groove and only later

along a second groovs is due to the fact that the metal used is

mill-rolled, The least strength is perpendicular to the directior of

rolling in the plane of the material. Thua the material below the
grooves vhich lies most nearly perpendicular to the direction of
rolling will have the least resistance to tsaring under deformation
caused by prassure. To counteract this undesirable behavior it

was decided that all discs should be milled 80 that the two -'ut\ully
perpendicular grooves would both intersect the direction of rolling
at a 45° angle, The effect can still be obsarved, however, on an-
disc subjected to incomplets rupture due to dacay in pressure.

See TFigure I1-1.

Besides determining a rupture pattern for a disc, the
grooves also cause the weakness which allows rupture to take place.
8ince it is obvious that the deeper the groove the greater this
weakness, it seemed probable that some sort of relation between
groove depth and rupture pressure existed. To examine this pos-
sibility further, sn instrument was made to kold a disc and subject
it to pressures up tc 3000 psi in the iy‘duunc pressurs tank of
the Woods Hole UGcesncgraphic Institution.

The choice of metal to be used for the discs is at least

b
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initialiy a question of taste. The author chose aluminum for

two reasons. 8Since the tubes themselves wers to be made of

alumimm. the use Af =lumd il vis S

LY -
4 - A e e we @ WS W WA W

"
(1)
[1]
i
1

f

£
k'
t 13
©
4
[3%
!l
bt}
q

posaibilitien for attaching the discs to the tubes; besides
mechanical methods, welding could be oconsidered as a means of
fitting tubes with rupture discs. Also, since aluminum is a
relatively woak material, thick plates would have to he used.

If it was found that the rupture pressure of a disc wers depen—
dent on the ratio of the groove depth to the disc thickness, it
would be easior to control this ratic with a thick aluminum plate
than with a thinner steel plate.

The instrument used to discover if such a relationship does
indeed exist is shown in Figure u-é: It consists of an aluminur
tube which rests on a heavy aluminum bottom plate. The bottom
plate also anchors six bolts which are used to tighten a steel
ooliar ageinst the top edge of the tube. The disc to be tested
is placed with the grooves facing inward on top of the tube.

The collar is placed over the disc. VWhen the nuts are tightened
on the bolts, the O-rings make the instrument watertight asven at
high pressures. Ths instrument is then placed in the preasure
tank, When the tank pressure is increased the disc will deform
until it ruptures since it is supported by only one atmosphere of
preossure inside the tube.

A few initiel tests were performsd on discs of thickness 0.250

AT M il e,
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inch and 0.160 inch with groove depth rxanging from 0,008 inch to
UeUBU 17ICNs INQ Erooves were cut wiin a vU° V=outrtier. 1ne same
tcol has been used on all discs treated in this report, It was
soon learned thaot the thicker discs wore not suitable for our
purpose. Even with very deep grooves they remained sufficiently
strong to deform without ever rupturing. Thus, all results re-
ported herein pertain to discs of thiokness (.160 inch.

The early tests in the Woods Hole pressure tank showed conclu-
sively that rupture pressure doss indeed very with groove depth.
Unfortunately, the accurscy of the results suffered greatly from

two major faults of the combined system. The collar of the instru-

. mant showm in Figure II-: doss not maintain a continuous clawmo ‘on

the disc as the pressure increcses, for as the O-rings comproa=
under preasure the tension on the collar provided initieily by
tighteiring the six muts is relaxed. Thus, =lthough a watertight
seal was maintained, the disc could slide freely on the tuhe and
in many teats with shallow grooves it deformed irreguilarly and was
forced into the tubes without rupturing.

The pressure in the tank at the Institution is built up by
moans of & high-pressure srall-displacement compressor which forcee
water i:io the tank. Since insufficient precoutions were taken to
prevent the cyclic hasmering of the compressor from affecting ths
pressure in the tank, the pressure ai all times fluctuated arcund

its mean by from 80 to 200 lbs per square inch. This made it alioss
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impossible to take mesasurements to the accuracy required.

S2.50s Toth tho tubas and the dlens wars mada of aluminum.
it was decided at the time to try welding as a2 means of attaching
a disc to its tube. Two methods were tried.

In the first method, a disec of 6.625 inch diameter was placed
symmetrically on a tube with an inner diameter of 6,00 inch and
an outer diameter of 7.00 inch. The exposed top of the tube and
the odge of the disc were then fused together by means of inert-
gar arc welding. This type of bond did not prove strung enough
to withstand the deformation of the disc under pressure. Also,
since tha disc was rather small, it could be forced into the tube
at low pressures. 8See Figure 11-3,

In the second method, a disc of diameter 7.730 inch was
placed symmetrically on a similar tube. The two wero fused to-
gether by welding completely around the common joint of the tube
and the disc. This type of joint was strong emough to hold any
disc completely at pressures up to 3000 psi. See Figure 11-4.

The seocond method is probably superior to the first because
the leversge exerted on the joint by the deforming disc is less
using the second method, It vas found that the behavior of the
welded discs was the same as that of the clamped discs provided
that care was tsken to prevent the disc frox heating up during
valding.

Since at lsast ons practical means of attaching the discs to

[oegonmy ALy # A e ks -t iee ¥k e A




= ‘?"’

[ T —

ua

RIS IR IR O I o T ey o T o S e

13.
the tubes for actusl oceanographic work had now bsen assured,
the design and use of an instrument to study the behavior of the
discs in detail becams of prime importance to the project. The
work done to this end is described fully in the next three chap-

tora.

B R g o




~—g . «—;s—*-——w-'v—v—'?f

14,

/2/%})9?

/S00

Figure 11~1,

Effect of the dirsction of rolling on the
rupture pattern when rupture pressure cannct
be maintalned.
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Figure

11-3,

Unsatisfactory method of walding a disc
to a tube,
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Figure 11-4. Satisfactory method of welding a disc
to a tube.
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111. DESIGN OF A TEST INSTRUMENT

Whan 4t was resliwad that the susgelmsnicl gppivach W0 the
study of rupture disce had to be improved, ths reqjuirsnents we:o'¢
quite clear from the work that had just been completed. The ex-
periments requirad a ssoothly incrsasing pressure and a continuous
powitive clamping of any disc being tested. An additional require-
ment became of greal importance, however. 8inoce it was planned
to uze these discs on neutrally-bpuoyant floats, their deformatica
under pressurs at all times prtt;r to rupturing should be known
acourately in order to predict the effect of this deformation on
the relative buoyancy of the float. Thus scme xeaus of accurately
mesasuring the shape of the disc had to be devised.

f .ae effort was dedicated to designing an improved pressure
system for the prassure tank at the Woods Hole Oceanographic
Institution. Bince the only wmy a disc inside tha tank could be
wonitored was by means of Jour electric leads into the tank, it
sesmed that this approach woulcd certainly become a time consuming
adventure in electronic telemetry. It was thersfore thought
advantagsous to invert this approach; rather than to subject the
disc to a high pressure snvironment and deform it into the tube,
one oould build up the pressure inside the tube and deform the diac
outwards into a one atmospiizre snvironmant. With the latter approach,

the instrussnt could sit on a lacoratory bench and the disc could
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be monitored visually at nll times, snd iis deformation measurocd
by means of micrumater dial gauges. With this rew approach a
SECIh pressuie bukid-up can De awsured gquite samply by using a
manusl hydrauiic pusp such ap is commercially availeble. Since
the S0FAR Channel is novhere deeper than 68600 feet, which cor-
responds to 3000 pai, all that is required is a puwwp cap_abln ol
creating 5000 to 10000 psi. The problex of continuous clﬁping
had yet to bo solved, however, while a new problem was introduccd
by this new method.

It was sesn that the instrument shown in Figure II-2 would be
forced together at its seams when under pressure Ifrom the outside
and po automatically tend to sual itself. If such an instrument
is under prsssure froa the 1nlide. however, it wili be forcad 0
cone apart at ito seamoc and thus be highly susceptible to leaking.
After soms thought, an engineering approach wes evolved which, if
successful, should solve both the leaking snd the clamping probleas.

Consider again Figure II-2, Under preusure from the inailde
the tube will expand radially. The bolts, subjected to stresses
created by the outward pressure on the bottom, and on the disc-
and-collar assembly, will stretch. This elongation would alloey
tho disc to 142t of{ the tube so that leaking would occur. 1t is
koown that if all expansions remain within the ¢lastic limite o=
the materials used, vuch expansions sre linear functions of Lra

applied stresses. Imagine that the dimensions of the tube ard

ey .
.’G -~
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bolts, and the numbLer of bolts, are chowen so that the radial ex-

pansicn of the tuhe and the longthwise strotching of the bolts,

a———— % B o
ade 37 the sang ordsr $f mmgnituds,

Lot itha outaids of the hotiom
of ths tube be beveled at some angla and rost in a groove in the
bottou plate. Lot the outside wall of the groove be beveled et
the same angls. Any radial expansion of the tube will force the
tube to ride up on this baleled surface and move upward relative
to the bottom plate. 12 the angle is chosen corrsctly, this smouvnt
of upward motion will exactly compenzate for the stretching of

. the bolts.

This sction should guard against leaking provided, of course,
that the tw joints are properly fitted with O-rings. Furthermore,

if the engle is a little steeper than it needs to be, continuous

clamping action batwesn tha tube and the collar to hold the disc
should be assured. 7The angle of the bhevel cannct be wmade 8o steep
as to bs nearly perallel to the side of the tube, for in that casc
rather than riding up in the beveled groove of the hattom olata,

the tube might bind against the steep side of * - . ... .-

The instrument and its associated device. .. - .. Figures
* I1i-1 through II1-9., Since the instrument is . - - - axisymairic,
Flgure 11I~1 suffices to show in sxploded view - . sanbly of the

% Bes Appendix B for the calculations necsssary to sssure a cuvf-
Ticlent safety factor in the overall Jdesign of the instirument,
and to ascertain that the expansion of the tube and boltis are
of the same order of magmitude.

PRRY ST e TR L R P ORI PO N PO PR gt et SRR S

.umnm.’m%w AN




§
:

41.
several parts whichk ar: shown in full detail in Figures IXI-2
through 11i-6.

The bottom plats (see Figure III-2) is made 0f hot-rolled
siteel plate, two inches thick with a diameter of 12.135 inches.
The hole in the center feeds hydraulic fluid into the chamber of
the tubs. The large hole, two inches from thLe center, holds a
stopcock for draining the hydraulic fluid. The beveied groove
three inches from the center accepts the tube. The fifteen holer
&t 4.625 inches from the center are tapped for 3/4-16 threaded tie
rods which are used to hold the disc and collar firmly on the tube.
The six 3/8~16 holes at 5.750 inches from the center hold six rods
that support an aluminum table (see Figure 111-3) 4 inches above
the disc and eon‘*. The table has holes in it through which proles
@ay be lowered to rest on the disc. The deflection of ithe disc can
then be measured by means of a uc;rc-otor dial gauge which movcs
freely on the aluminum table (see Figure 1II-7). Tho three 1/3-20
holes in the bottom of the plate accept three holts by which the
whole instrument is supported and leveled.

The tube (see Figure I1I=3) is extruded from hot-rulled steel,
It was machined to be perfectly rourd and uniform from a plecae
3-1/4 inch long, with a nominel inner diameter of 6 inches and a
nominal outer diameter of & inches. The dimensions of the O-ving
grooves are specifiasd by the manufacturer.

The ocollar (sse FPigure Ili-4) is machined of a hot=-rolim]
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stesl plate, 2 inches thick with a diameter of 11 inches. The
great thickness is requiraed to equalize the pressure of the 13
individual boltas on the disc and tube. The holes for the bolts
are wmade large for a loose fit to facilitate placemsnt of the
collar, Note that the lower part of the collar which slides over
the tube is of sufficient diamster to allow for radial expansion
of tha tubs.

Figure I11-8 shows in detail the rods and support rods required
to complete the pressurse vessel, Figure 111-7 ghows the instrumunt
completely assembled and in use. The five probes ussd to measurs
the disc ars all §.000 inches® long. The probe used to monitor the
upward travel of the collar relative to the table and bottom plate
is 5.000 inches long. Figure III-§ shows the manual hydraulic purn
and the preasure gauges used. The pump is a Black Hawk P~3¢ with
& reservoir of 38 cubic inches and a pressure capability of 10C00
pei. The 0 to 5000 psi Acco gauge is accurate within 28 pei which
is also as clnose as it may be resd with confidence. The gauge was
calibrated to read 2000 when subjected to a static pressure of
2000 pei. The N to 200 poi Marsh gauge is accurats to 2 psi but
cannot be read any better than 2-1/3 psi. It was calibrated to
road 100 wvhen subjected to a static pressure of 100 psi. The

Marsh gauge was used to compensate for the unsatisfactory reading

ORISR PSS SR N IV LA e e e

#» Certain critical dimensions spacified tc three decimal: places
are assumed to be accurate within 0.001 inch.
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of the Acco gauge below 130 pei. It is protected from pres-
. sures over 200 psi by a high pressure valve. Figure III-9 showas
a top view ui the insirumeni afier removal oi the aluminum Tabie
and collar.
Atter the several parts of the instrument had bsen machirsc
; they were assembled. Next the instrument was levelsd in order
" - to make the top of the tube perfectly herizouatal. This was nec~-
| essary so that the amount of air trapped between the disc and the
hydraulic fluid in the tube would be minimixed. The two beveled
. surfaces and the lower O-ring were lubricated with silicon greasa
({Dow Corning stopcock lubricant).
When ths instrument was first uuwiod, an aluminum disc

with a diameter of 7,000 inches and & thickness of 0.25C inch

was used tc test all components. For this taest only the deflec-
tion in the middle of the disc was monitored. The pressure was
slowly increased to 2000 psi. When this pressure had been reached,
the centor deflection was 0.749 inch. Thae instrument was left for
half an hour to allow for creepage of ths disc. At the end of this
period, deflection was 0.752 inch and the pressure had dropped to

. 2775 psi. Again the pressurs was brought to 3000 psi. No notice-
able change in the center daflection was cbserved. After two hours,
the disc had come to equilibrium, with a2 center deflection of 0.78R3
inch and a pressure slightly below 3000 psi. The pressure was

sgain carefully incressed to read exactly 300 psi. 8ince
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abgolutaly no change in the center deflection was observed, the
apparatus was leit under pressure for 24 hours. Dur:ing this pcriod
no discarnahis chanwe in aither deflaction or prassure oocurred.
This test ws repeated twice wmore with similar discs. Since
the same vattern of behavior occurred each time, it was clear tha"
the instrumsnt did not lemk significantly. Emiﬁtim of the
edges 0f the discs alsc showsd that the clamping action of the
tube and collar was quite sufficient at ali times during any test.
During the construction of the test instrument, the literature
was searched to discover if any test similar to those about to
be made had ever bsen conducted. The next chapter deals more

i
fully with this aspect of tha work.
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Figure I1i~1. Exploded view of the pressurs vassel designed
to deform and rupture discs with a dlameter of
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NOTES .

() 7APPED HOLE TO AccerT 3-! -/6 NF THREADED T/& ROD
/5 SUCH HOLES AT 24° INTERVALS, /% "DEEP.,

@ 74PPED HOLE 10 AcchPT f-20 NF THREADED BOLTS
3 swucH HOLES AT 180° IWTERVALS, /" DEER

® 7APPED HOLE TO ACCEPT 16 NC THREADED Rop
€ SUCH HOLES AT L0* INTERVALS, /" DELR
MATERIAL HOT ROLLED STREL 2 "rmick

Figure (11-2, $teel bottom plate,
Yop: Top view,
Gottom: Cross sact!on through the center,
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Figure 111=7. The pressure vessel completely assembled
and in use,
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Flgure [11-8, The manual hydraulic pump (Black Hawk P39).
The Acco gage |s on the ieft, the Marsh gage
13 on the right.




Figure |l1-9, View of the pressure vessel after removal
of the aluminum table and the steel collar,

M A




A ARATEN

4.

IV. THEORETICAL CONSIDERATIONS

The purely tcheoretical investigatiom of the deformation of
matals undar stress is still mainiy a study in mathematical
wodeling and has only the basic concepts in common with the
sngineering approach to the problem. Thus while the work of such
mathematicisns as Sir A, E. H. Love (1944) is of great interest,
the more pertinent information for the purposes of this report is
found in the axperimental atudies conducted om the bshavior of
matal plates under pressurs. All such engineering studies are
concerned with the deformation of plates to an extent wel) short
of creating permanent undesirable after effects, Thus all in-
formation that is found in the literature concerns behavior within
the limit of elasticity of the metal.

8ince the purpose of this project is to study the behavior of
a specific material well beyond its elastic linmit, most previous
information has little bearing on this work. If one also keeps
in mind that for this project each plate is deliberately weakenad
be scoring it, one reslizes that this investigation is quite far
removed from all other deformation studies.

The two important paramsters which distinguish this series of
experiments from all others performed on circular discs of similar

dimension are the thickness of the disc (h), and the ratio of the

deflsction at the center of the disc (vo) to the thickness of the
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dlan (w /n). Mngi avmerimanta ana foozilae ave o mated to atudy

the behavior of discs cut from materials usually employed for con-
struction and engineering purposes. While the thickness of these
metals usually ranges from ,005 inch to .030 inch, this study deals
with discs cut froa sluminum sheets that are .160 ineh thick. Where-
as, for most metals that are deformed within the limits of elas-
ticity, the ratio wo/h is less than 1, in the experiments presented
here this ratio is consisteutly greater thun 1 for the values oi
pressurs of interest. Indead, for most discs this ratio becomes

as great as 8 or 6, The significance of the ratic wo/h is due ‘o

‘the fact that we are dealing with rigidiy clamped circular pletes.

When a rigidly clamped circular plate is subjected to a moderate
normal pressure distributed evenly over the plats, resulting in = |
deformation such that vo/h < 1, the deflections observed in the
plate are caused by local bending mowents. That is, each lndiviiual
sectior of the piat- bshaves as 1f 1%t were supported Ireely at
its ends and deformed Ly a deflecting force spplied locally near
itz geometrical center. Under these conditions ths plate is known.
a3 8 Kivchhoff plate (Nadal, 1925). Assuming a plate of uniform
cross section, its profile will be symmetrical under uniform ;;ros-
sure and may be described by relating the detlection w at a distance
r from the canter of & disc of radius a to the deflection w, at |

the center:
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2 3 v
v r (2]
;°=[1-(;)] .§-<1 (1)

The behavior of a Kirchhoff plate is characterized by the

absence of significant longitudinal stresses in the disc, and a

[+
i
fa;
3

zero slope at the clamped edge of the disc. For from (1)

o= oawf1- (f)‘] - ?—-2)
which vanishas at r = a.

As the normal, evenly distributed pressure ceases to be
‘moderate and hecomes great or excessive, the resulting deformation
18 characterized by \vo/h > 1. Now the longitudinal stresses cresied
in the plate, due to the stretohing of the material as it deiorms
between clamped esdges, become of far greater importance than loce)
bending moments. For thin plates, the yielding caused by stretch’ng
will quickly spread over the entire plate, which will then tend to
g© into a spherical squilibrium surface like & membrane under con-

stant tension. The shape of the deflection profile is given by

]
]
[}
,‘l

(2

In this study, hovever, we are dealing with rolatively thick

plates. BSiunce greater strairs occur when a thick plate is bent
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sharply than when a thin plate is bent sharply, the yielding in

& thick plate will tend tc be localized at the edge of a plate,

due to the sharp change in slope at the clamped edge.

The share

of the deflection profile will approach that of a plate with

freely supported sdges (Nadai, 1923):

¥
v
o

2 4

r r
1~1.240 =3 + 0,245 “3
a a

(3)

The relation betwesn center deflection and pressure for an

elastic plate of medium thickness with rigidly clamped edges has

been investigated by approximate mathods by a number of authors.

Nadai (1925) derived the relation

by solving the differential equation for a plate with large deflec.-
tion ('b/h > 1) subjected to a nearly uniform pressure distribution.

In this and the following equations the symbols have the following

meanings:

Cr, B ARSI TS S e ) ties &

i
n

v 3

+0.883 (-9 = 3p <§>‘ a-ud

]

i6 E

center deflection (inches)
thickness of diué (inches)
prassure (pai)

Young's modulus (psi)
Foisson's ratio

radius of the disc (inches)

(4)
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;2 +0.488 (=) = 38 (1-ud (8)

on the basis of an assumed radial displacement combined with energy

considerations., Federhofer (1636) obtained

v v 3
2., (16 = u){l + u) (Kg) =3 (5)4(1 - “2) (&)

h 40

from the differsntial equation of the problem together with a suit-

able assumption for the radial distribution of membrane tension,
‘l;ho material uged in the experiments to be described was

tmoﬁd aluminum of typa 24 8T 3. For this material, Young's

6 psi and Poisson’s ratio (u) is 0.33.

modulus (E) is 10.8 X 10
With these numbers the valus of the cosfficient of the term (w /b’
in equation (&) 1is 0.8533, whicﬁ i midway betwsen the corresponding
values in equations (4} and (5).

While the three equations predict the same central deflection
of & disc as a function of pressure, ditfering only for values of
(w o/h) significantly greater then 1, it was decided to plot the
curve yislided by Nadai's equation (4) since in his work he set out
specifically to study plates with center deflection greater than
the thickuness of the plate. Using equation (3), tha deflactions

at a distance of 1 inch and at a distance of 2 inches from the

e AabaanasiSh e -T/-

L

i A ML KV ANA P 1w IR - e mer— s



FANGT AL Are e RE St AN G ! s«

|
§
¢
y
;s
;
¥

39.

center are also calculated. It is of interest to compare these
curves with those obtained by measuring the behavior of a thick
disc without grooves which is subjected to normal pressures in

the inztrument described in Chapter 1Il. See Figures V-la and

v"lbo

The r;mr can see from the above figures that the -theoreti~
cally predicted bshavior and the actuanl beshavior of the disc as
it responds to increasing pressure are quite similar. It is
obvious, however, that the magnitude of the deflections prodicted
by the formula are too small by a factor of 3. This is without
doubt due to the fact that the principles beshind the equation used
for the comparison are violated in a nusber of ways. First, the
disc was stressed Zar beyond its limit of elasticity causing the
ratio wc/h to be unusually large. BSescondly, the disc was far
thicker than any that are usually considered. In the case of the
grooved discs, the groovas represent a third and no doubt the most

flagrant violation of the assumptions 2n which the theoretical

formilas ars based.

1
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V. EXPERIMENTY AND RESULTS

A.__Preliminarien

Before going into a detailed discussion of the experiments
and their results, an explanation of the technical aspects of
obtaining data wlth the instrument described in Chapter III is
in order., When the bottom plate has besn assembled and the tube
set into it, the instrument must be made perfectly level. Then
hydraulic fluid can be poured into. the tube until it reaches the
top edge of the tube uniformly around the ciArcumierence. This
minimizes the volume of air that is trapped between the fluid arnd
the disc to be tested. Although the amount of air confined under

the disc is of no concern rogarding the behavlor o¢f the disc under

prol-ufe, the amount of potential energy storec in the compressed .

air and released upon rupture of the disc increases in direct pro-
portion to the amount of air trapped. Since the release of thia
energy manifasts itself through loud explosive noiaes and the for-
cible ejection of & large amount of hydraulic fiuid through the
rupture, it ig desirable to minimigze the amount of air confined
under the disc.

Another reason for laveling he top of the tube before each
experimont is to avoid the systematic error that would be intro-
duced into the readings of the dial gauge if the aluminum gauge

table and the disc were not parallel to sach other. By making
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both the top of the tubp an”’ the gauge table level, the disc and
the table will be parallel with a deviation of less than 0.001
inch over the width of a disc.

For this set of experiments the aluminum table was equipped
with probe holes .o that the deflection of a disc could be measured
at its center and at distances of 1/2, 1, 1-1/2, 2 and 2=1/2 inches
from the center at angular intervals of 45° about its circumference
(wes Figure IIl-8), 1If it wera found during the experiments that
the bghavior of some or all discs was so irregular that more probe
holes were necessary, they could be added as required. Since it is
of interest to measure the deflection along a grooved radius, and
also along a radius between grooves, the discs have to be placed
on the tube so that the two mutually perpendicular grooves fall
precisely below two mutually perpendicular linex of probe holes.

If all holes in the table corresponding to locations on the
disc that nesaded to be monitored were equippeacd with probes, it
would bes imposaible to et the dial gauge and its support upon
the table to take the maasurements. Therefore only five probes
were used and as soon as the center deflection for a given pres—
sure had beer: measured each radius of five probe holes was measured
in turn. The probes were moved as nNecessary.

To be sure that the same location is monitored each time,
each disc mst be marked to show the location for the probes »t

the correct angular intervals and distances froz the center before

I-___._'__._——_—-—____




DR

Rt RN e

o

42.
it is placed on the tube, By doing this a probe can be remcved
and placed repeatedly, deviating from the required location hy
no more than 1/64th inch in any direction.

¥When the disc ia marked it is placed on the tube with the

grooves facing out, This is done to simulate the attachment of
a disc to a neutrally buoyant float where the grooves face into
the float to protect the grooved surface from the environment.
The collar is then positioned over the bolts and lowered onto the
disc. Each belt is then fitted with a flat washer and a nut. Yo
teka up the initial slack provided by the two 2-rings, all nute
are tightened - .yusntially to 25 ft-lbs of iorque. To prevent an
lucsease of pressure due to the compression caused by tightening
the nuts, the stop cock in the bottom plate is _pened to allov
hydraulic fluid to escape while the nuts are being tightened. The
aluminum table is thern placed on ite six supporting rods. It 1s
leveled by means of any three rcds located at 120° intervals. When

level, the table is secured by tightening thc nuts on these three

rods. The other three rods are then adjusted to provide additional

support for the table and also secured by tightenlng thelr nuts.
When analyzing the data obtained from the axperiments, it is
assuned that all discs are init: 11y pectectly fiat. In practice
this i# never true and it is thevefore necessary to measure the
profile of the disc before pressure ig applied to it, When tha

pressure in the system increases, the tube and collar move up
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relative to the table. This motion would introduce an error in
the readings if it were not monitored. The cohvention cstzpblished
for all experiments was to adjust the dial gauge to read ''zero"
at zero pressure when placed on the probe that monitors the collar.
fhis probe has a length of 5.000 inches and is 1laft in place througi~
out the experiment. Since the difference in height betwaeen the
tup of the collar and the upper surface of the disc is 1.000 inch,
and the probes uged to measure the disc are 6,000 inches long, ihe
initial profiles usually show a deviation from flatheids rancing
between plus and minus 0.010 inch. Thus any measurement at a given
location for a given pressure has to be corrected by subtracting
from it the reading on the collar at that pressure and the !nitial
deviation from flatness for that location.

When a piece of metal is subjected to a deforming stress oi
constent magnitude the rate of deformation will decrease as theo
pleco approaches the state of equilibrium apprOpriatc_to the applied
stress. This phanomenon is known as creeping. Due to the creeping
of metals there is 2 iistinct difference in method, if not result:,
between subjscting a disc to a continuously and rapidly increasing
pressure and subjocting such a disc to a discretely and slowly
increasing prassure. It is this latter method that had to be onm-
ployed in the experiment due to the nature of the instrument. For~
+unately this latter method is a good representa.ion of the prossure

function to which a disc is exposed when attached to a float sinking
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in the ocean,
When a fleoat adjusted to be neutrally buoyant at some depth is I
gat overboard it may take as long as eight hours to reach its
floating depthe Thus although the pressure increases continuovsly,
it does 80 very slowly allowing enough time for creeping. While
J]

it would be ideal to subject the discs to a slowly increasing con-

tinuous pressurs function, a slowly increasing discrete pressure

- function should yield satisfactory results. With this in mind,
\ the pressure on any disc in the ingtrument has to be increased
|
slowly, ond before any measurements at a given pressure can be

', made, sufficient time has to bLe allowed for creeping to be completed.

T T eeem————~— Ty Y_,_
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B, The¢ Experimental Progran

AR was pointed cut previously, the purpose oI the experiments
was to find whether any consistant and nredictable ralation exista
between groove depth and rupture pressuie, and to study the defor-
mation and behavior of the digcs befors rupturing. For this pur-
posa, about 60 dizcs weres cut, sach disc having a diameter of
7-3/4 inch and a nominal thickness of 0.160 inch. The true thick-
ness varied locally in each disc between 0.138 and 0.162 inch.

The discs wers divided into groups of 3 to 8 discs each. All discs
in a given group were scorsd with two mutually perpendicular grooves
of a given depth, each 6.00 inches long, and bisecting each other
in the center of the disc. The depth of the groovis ranged from
0.012 to 0.080 inch. The choice of these depths is based on the
preliminary experiments described in Chapter 11, The tool used

wes again a standard 60° V=-cutter.

Theoretically, 2 flat disc with uniform thickness throughout
will deform with saxial symmetry when subjected to normal pressures.
This was observed to bs true when testing the instrument and when
mesasuring the deformation of the disc without grooves, but there
is no reason to assume a priovi that a disc with grooves will also
deform with axial symmstry. Thuz it will be of interest to observe
the differences in the deflaections seasurad along a gruove and be-
tween grooves. Furthermvre, since the material used is rolied

aluminum of type 246T3 and has a definite grain running the length
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of the rolled sheet as was discussed in Chapter II, 4t will also
be interesting to 3ee whether or not the grain causes any marked I
differences hetwuen the measurements obtained on the different
parts of the disc.

During the preliminary experiments at Woods Hole it was ob-
served that zctual rupture is a very faat process. Since rupture
occurs when the iongitudinal atress created in the materiel by
deformantion becomes (0o aevere to be withstood by the thin portion
ol the disc under the groove, the process of rupture probably con-
sists of two phases. First, as tearing dus to excessive stress co:r-
mences, thers will be a fairly rapid additional deforming of the
dise. This will continue for only a short time, however, for the
; : next phase, failure will follow immediately. 8ince this is a con-
.é tinuous and rapid process, it ia doubtful that one will be able to

chserve it with the instrument of Chapter L1l. High speed photo~
graphic techniques would be better for obaserving actual rupture.
Az can be seen in Figure V-1, the deformation of a disc, even

without grooves, is quite considerable. If such a disc were placad

volume of the float as it sinks might be s0 large as to destroy the
neutral buoyancy of the float., It was observed from the experimont
performed on the disc without grooves that, after the dimsc had boen

|
on a noﬁtrnlly—bboyant float its contribution to the change in the
subjectad to a pressure of 2400 pei with a center deflasction of

0.8688 inch and than removed frow the inatrument, it retained its
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shaps with a center deflection of 0.747 inch. The question was
raised whether a grooved disc of known rupture pressure that had
been preformed at a pressure just below its rupture pressure would,
when placed in the instrument again, rupture at a pressure and
with a center deflection equivalent to those of a similar disc
that had no* been preformed. If this were the case it would bu
a simple matter to preform disecs for oceanographic purposes and
thus greatly decresss the effect of the volume change of the dis:
on the buoyancy of the float.

With the consideration in mind the experimental program was
divided into two distinct parts. The first concerns those discs
that were deformed and ruptured directly, while the second part
concerns those discs that were preformed before rupturing. The
pertinant data regarding the first set are collected in Tablie V-1,
while the data for the preformed discs are collected in Table V-2,
In both tables the numbers in the first column are merely means
for identifying ¢he discs, while thu second column shows the grocve
depth for each disc.

In Table V-1 the third column shows the pressure at which eaca
disc ruptured. Note that the rupture pressurs is always given in
whole multiples of 28 psl, this being the limit of the accuracy ci
the pressure gauge. The fourth column shows the average ruptlure
pressure for a set of discs with equal groove depth. The high and

low deviation lipitl are also shown., The fifth column shows the
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maximum percentage deviation of the rupture pressures for a given
group of discs to facilitate comparison between groups of discs.

The sixin coiumn shows for each disc the average rate of deflection
of the center in thousandths of an inch per psi of supplied noraal
pressure. This ratio is a measure of the relative amount of longi-
tudinal etrain to which a disc is subjected before rupturing. The
next column shows the average of this ratio for each group of dlscs.
The eighth column shors the average center deflection of each group
of discs at rupture. The last column identifies those individual
discs whose behavior before rupture is shown graphically.

In Table V=2 the third and fourth columns show respectively the
pressure at which a disc was preformed and the length of the forming
time. The fifth and sixth columns show the deflection at the center
during forming and after removal from the instrument. Thus the data
in the sixth column are a measure of the permanent set of each disc,
The seventh columm shows the amount of time that elapsed before the
preformed disc wes placed in the instrument to be ruptured. The next
two columns show r;lpootivcly the rupture pressure for an individual
disc and the average rupture pressure for a group of preformed diccs.
Again, the high and low deviations aro shown. The tenth column shows
the percentage deviation for each group of discs. The lamst column
identifies those individual discs whose bshavior after forming and

prior to rupturing is shown graphically.
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Examination of Table V-1 and V-2 shows ihat there exists a
definite inverse relationship between the groove depth and rupture
pressure for both types of disca. This inverse relationship is
shown graphically in Figure V-2. The horizontal axis shows the
inverse of groove depth in thousandths of an inch multiplied by
180 to yield quantities of order unity on that axis.

Botk sets of points seen to form a straight line indicating
that the inverase rslationship is exact. Straight lines have bea:
drawn through both sets ¢f points to indicate this. Note that both
lines intersect the horizontal axis at or near the point X, This is
sncouraging, for one wuld expect that & disc 0.180 inch thick with
grooves that are 0.180 inch deep would indesd -upture at O psi.

The two straight lines have nearly ths same mlope, as can he
sesn by examining Figure V-=2. Provided that the deviations of
rupturs pressure from the straight line curves and the variation
in rupture pressure for aimilar disca can be explained, it would
appear that a preformed disc ruptures at the same pressure as a
sinilar disc that has not bgen proformed.

8ince more points are available for the directly ruptured dicos,
the curve passing through those points is assumed to be the move

exact 0of the two., lts equation is
P o= a6 3821

whore P 1is the rupture pressure in pwi and D is the groove depth in
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thousandths of an inch. Then,

Thugs for a nominal groove depth of 0,080 inch a variation in the
depth of the groove of 0.001 inch will caute a variation in rupturs
pressure of 14 pai. When the uncertainty of the pressure gauge is
added to this, the minimum expected variation in rupture pressure
for discs with grooves that azre 0.080 inches deep is 39 psi. The
same reasoning yields an expected variation in rupture pressurs for
discs with grooves that are 0.012 inch deep of 265 psi.

Vhereas the accuracy of the milling machine used to cut the
grooves can be expacted to be wiéhin 0.001 inch, the author feals
that the variations in grocve depth causing the observed scattor
in rupture pressures is caused mainly by the local variatiors in
the thickness of the disce. For when the Ve-cutter is used to cut
a groove it is started at a given location on the diso where the
thickness is asaumed to be 0.160 inch. Due to the local variations
in thickness, the average thickness of the disc oan eaaily vary by
0.001 inch over the length of the groove. When this arror ia added
to the inaccuracy of the milling machine the actusl depth of the
groove can easily vary by more than 0.001 inch yielding appreciable
veristions in rupture pressure,

Thus it is cisar that the observed scatter in rupture pressures

L
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is to be expected. It may now be stated that hoth for dirvactiy
rvgtured digscs and for preformed discs, the rupture pressure P in
psl is a function of groove depth D in thousandtho of an inch aa

given by the following relation:

- 160
P = 218 (-p= = 1)

i2 the readur examines Table V~2 he will note that in preformad
discs many different combinations of forming time and aging time
wore‘u-ad. ‘"his was done to see vhether some consiatent relation
exists between forming time and/or aging time and rupture pressure.
Thi; iz not the case, as was tuv be expected. For once a disc has
been piaced under pressure and creeping is completed, or once it has
been removed from the instrument, it is in static equilibrium with
its environment sc that no changes in its charzcter should appear.

Figure V-3 shows that the average rate of deformation of a disc
is proportional to the depth of the grooves cut in the disc. The
relation is not linear, which is to be sxpected. As the groove
depth approaches the thickness of the disc, it is only logical tiat
the rate of deformation should incrsase rapidly, appreoaching in-
finity as the thickneas of the disc below the groove approaches
rero. Similarly, for very shallow grooves the raslative thickness
and strength of the disc changes much slower than the relative
graove depth, yiolding a slowly changing rate of deformation as

function of groove depth for shallow grooves. The main purpose cf
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Figure V-3 is to aid in calculating the center deflection of a
disc at rupture., This 18 done my multiplying the average rupture
pressuie jur discs of & given groove depth by the average rate of .
deformation of those discs as obtained from Figure V-3,

The data in Tables V-1 and V-2 were obtained from detailed mea-
surements on approximately 60 discs. The data pertaining to some
of these discs are shown graphically in Figures V-4 through V-l1l.
For all discs readings were taken along both grouved dlameters. and
along both diameters at 48° tc the grooves. After the first fov
discs were deformed, it became evident that all discs, independeat
of the grooves or the depth of the grooves, would deform with axial
syrmetry, exactly like a disc without grooves. Although the mogni-
tude ot tho deflections did vary with groove depth, the manner o{
deforming did not differ from disc to disc. For a given group of‘
disca with equal groove depth it wes found thet the magnitude of he
observed deflections never varied by an amount grester than the in-
herent inaccuracy of the system. With this in mind, Figure V-4 through
V=11 are drawn to represent a cross~section of the groove depths
tested in the expariments., Each figure, although showing tha data
for a partiocular disc, may be regarded as representative of all diascs
of the same groove depth.

Each individual figure consists of four yraphs. Each get of two
graphs, marked (a) and (b), allows the reader to compare the buhavior

of a disoc along a groove and between grooves. The two direcilons to

L
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be grephad were picked at random. Figure (a) shows the deflection
as a function of pressure at the center of tha disc, and at dis—~
tances of one and two inchea from the center. Inspection of a few
graphs will show three distinct regimes of behavior. For pressures

below 40 pal, the deflections are linear and elastic. As the limit

of elasticity is approached, between 20 psi and 40 psi, the char-
acteristic curve becomes non-linear. OUnce the limit of elasticity
has beon exceeded ths deflections are again linear functions of

. pressure but with a smaller slope. The most interesting deviation
from linsarity is showm in Figure V-35a. This seems to be an example
of a diso originally wmore ductile than the others being work-hardened
and finally bscoming stiffer than the other discs. Its aversge rate

b - of doformation and rupture pressure were not affected.

X The profiles of the discs at ditferent pressures are shown in

figures (b). Note the reuarkable sywsetry in all cases and the

similarity of the profiles along a groove and between grooves. It

is of interest to note that, judging from their profiles, =ll discs

seen to behave like membranes under uniforam tension rather than

thick plates rigidly clamped at the edges.

Figures V-9 through V-12 pertain to pre~formad discs. The main
difference is, of course, that the deflections at 0 psi are quite

substantial already, and that the profile at O psi is not flat.
~

i Note Su figures (a) that tho elastic rogimo is abwent. Tuds 14 to b
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oxpected since the discs were formad at nreaaiiraa w.,ll hnovnnd
those at which elasticity may be observed. Note also that near
rupture the deflections of the preformed discs are of the same
magnitude as those of the directly ruptured discs.

Once it has been ascertained that all discs deform with axial
symmetry, the center deflection at ruptur. 's the anly quantity
needed to calculate to a pood approximation the change in volume
contributed to a float by a deforming disc. The reader is re-
ferred to Appendix C for an explanation of the method used, and
to Figure V=12 for the curves showing the change in volume as a
function of rupture pressure or depth for preformed discs and for
directly ruptured discs. Although the points plotted indicate
straight line curves, buth curves have begen drawn through the origin
for reasons of continuity. 1t is interesting to note that for
directly ruptured discs the change in volume ranges from 3.36 to
13.58 cubic inches, while for preformed discs that rupture at depths
of interest to oceanographers, the final change in volume lies
betwsen 2.54 and 3.04 cubic inches. 1t is obvious that for ocean-
ographic purpcses the use of preformed discs would be preferable
and it remains to be shown in the next chapter that their use is

also practical,
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€. _Uncertointies in ihe Meapurements
The largest ineccuracy in the measured deflections 18 cavsed
by the 25 psi unceriainty that 1s inherent in the readings of
the Acco pressure gauge. Since the average deformation at the
center of the discs ranges from 6.0003 to 0.0005 inch per psi,
the uncertainty in a measured deflection ranges from 0.0075 to

0.0125 inch, depending on the grouove depth of the particular disc.

As the measurements are taken at increasing distances from the center,

this uncertainty becomes smaller, ranging from 0,0085 to 0.0109
inch at 1 inch from the center and from 0.0041 to 0.0068 inch at
2 inches from the center.

A second source of significant inaccuracy is introduced by the
practice of replacing the prcbes before each measurement, As was
oxplained before, each disc is marked to indicate the proper loca-
tion of the pointed probes, and when placed carefully no probe will
deviate more than 1/64 inch in any direction from its required
location. The worst case occurs during the maximum deformation of
a disc, for then the average slope is a maximum. Any error in the
horizontal placing of the probe along a curve of maximum slope will
result in a maximum uncertainty in the reading of the dial gauge.
In these experiments the greatest observed canter deflection was
0.875 inch at 2400 psi. ‘The average slope is then 0.202 causing a
maximum possible uncertainty of 0.008 inch. In actual tests, re-

peated readings during this worst conditions showed that no two
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For the same locoation cver differed by more than 0.003
v lower pregsures and smalloer deflectiong this error be~
vad Hleantly smaller.

Clher sources of inaccuracy are present in the instrument but
thelr contribution to the total inaccuracy ie consistontly less than
0.001 inch. The dial gauge is accurate within 0.0005 inch. Uncer -
tainties due to uneven travel of the tube with respect to the botteon
plate wero measured and found to be less than 0.00l1 inch. Uncer~
t=‘nties caused by variations in the sctual lengths of the probes
are also less than 0.001 inch.

« Whareas in the worst case, a maximum uncertainty of 0.016 inch
in the measurements may be expected, the average maximum uncertainty
will range from 0.005 to 0.008 inch. 8ince the average deflectic.
is approximately 0.300° inch it foliows that the ingtrument operates
with an average uncertainty of 2 percent.

A source of uncertainties whose magnitudes are difficult to
cstimate is the variation in thickness and composition of individ.al
discs. 8ince it is known that the thickness varins randomly by
2 percent, one may assume that the uncertainty contributed by varia-
tions in the material is at least 1 percent. Thus, bearing in mind
that the instrument operates with a 2 percent uncertainty it is clear
that the curves in Figures V-4 through V-11 deviate from true curvesa

for perfsct discs by as much as 5 percent.
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Figure V-la.
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Deflection vs, Pressure ai several distances from the
center for a disc without grooves.
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No rupture,
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Experimental (disc no. 57).




6,
GO O e e e e e e e e nian = g i e en el il e -

Deflection o: 100 psi

{x .00 inch) x. 400 psi

c: 800 psi
400% A IGOODS{
o : 2400 psi

Distonce from
center linches)

sool .
00 Detiection

(x .00l inch)

600t

400}

200

»
") i
-2 -1

o2

Figure V-1b. Profiles through center of a disc without grooves,.
Top: Theoretical. Bottom: Experimental (disc no. 57).
No rupture.
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Figure V-2, Relation between rupture pressure ind groove depth in
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Top: For discs directly ruptured,
Bottom: For pre-formed discs.
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Figure V~3.

Relation between average rate of deformation in thousandths
of an inch per psi of applied normal pressure and groove
depth in thousandths of an inch,

Data pertains to directly ruptured discs only.
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% Figure V-4a. Deflection vs. Pressure at several distances from the
fr. ceanter (disc no. 49).
% Top: Between the grooves. Bottom: Along a groove.
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Groove depth: .050 inch,
Average Rupture Pressure (discs no. 49, 50, 51, 52): 463 psi.
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Figure V-4b. Profiles through center of disc (disc no. 49).
Top: Between the grooves. DBot=om: Along a groove.
Groove depth: .050 inch.
Average Rupture Pressure (discs no. 49, 50, 51, 52): 463 psi.
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Figure V-5a. Deflection vs, Pressure al several distances from the

center (disc no. 4).
Top: Between the grooves. Bottom: Along a groove.
Groove depth: .030 inch,
Average Rupture Pressure (discs no, 4, 5, 6): 842 psi.
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Figure V-5b. Profiles through center of disc (disc no. 4).
Top: Between the grooves. Bottom:; Along the grooves,
Groove depth: .030 iach.
Average Rupture Pressure (discs no., 4, 5, 6): 842 psi,
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Figure V-6a. Deflectlon vs., Pressure at several distances from the
center (disc no. 8).
Top: Between the grooves. Bottom: Along a groove,
Groove depth: .020 inch.
Average Rupture Pressure (discs no. 7, 8, 9): 1392 psi.
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Profilen' through center of diasc (dise no. 8).

Top: Between the grooves. Bottom: Along a groove,
Groove depth: ,020 inch.

Avérage Rupture Pressure (discs no. 7, 8, 9): 1392 psi.
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Figure V-7a.
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Deflection ve. Pressure at several distances from the
center (disc no. 10).

Top: Between the grooves. Bottom: Along a groove.
Groove depth: .016 inch.

Average Rupture Preasure (discs no. 10, 11, 15, 16):

2400

2056 psi.




71,

800
7 /‘I_\.\ ©: 400 psi
Detlection x: 1000 psi'
{x .00l inch) . n 'F.‘{"_ os:I
600 4. 2200 vsi

400

S - =TT N T T T TN A TR R ey

200

= S = L D]

‘ - A

’ ° -2 -1 0 | 2 3

.» . Distance from
. 800~ center (inches)

Detlection
ix .00l inch)

600

400

200

A i 1 1 1
93 -2 -1 o} t 2 3

Figure V-7b. Profiles through center of disc (disc no. 10).
Top: Between the grooves. Bottom: Along a groove.
Groove depth: ,016 inch,
Average Rupture Pressure (discs no. 10, 11, 15, 16): 2056 psi.
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Figure V-8a. Deflection vs. Pressure at several distances from the

centar (disc no. 56).

Top: Between the grooves. Bottom: Along a groove.
Groove depth: .012 inch.

Average Rupture Pressure (discs no. 53, 54, 55, 56): 2633 psi.
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Figure v-8b. Profiles throurh center of disc (disc no. 56).
Top: Between the grooves., Bottom: Along a groove.
Groove depth: .012 inch.
Average Rupture Pressure (discs no. 53, 54, 55, 56): 2633 psi.
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Deflection vs. Pressure at several distances from the
center for a pre-formed disc (disc no. 12).

Top: Between the grooves. Bottom: Along a groove.
Groove depth: .030 {nch,

Average Rupture Pressure (discs no. 12, 13, 14): 875 psi,
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Figure V-9b.  Profiles through center of a pre-formed disc (disc no. 12).
Top: Between the grooves. Bottom: Along a groove.
Groove depth: .030 inch.
Average Rupture Preasure (discs no. 12, 13, 14): 875 pai.
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Deflection vs. Pressure at several distancesa from the
center for a pre-formel disc (disc no. 30).

Top: Betw2en the grooves. Bottom: Along & groove.
Groove depth: .022 inch.
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Figure V-11b. Profilci through center of a pre-formed disc (disc no. 45).

Top: Between the grooves, Bottom: A’“ag a groove.
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Vi. OCBANOGRAPHIC APPLICATIONS

The expsriments described in the previous chupter have showm
that 2 preformed disc undergoes a far smaller change in volume befcre
rupturing than a flat disc. It remains to be shown that even with
that ssall volume change a float equipped with a praformed disc can
remain neutrally buoyant.

To use & typical case as an example, assume that a float is
releasod to be neutrally buoyant at a depth of 2000 feet and to
implode eventually in the SOFAR channel at a depth of 4000 feet.
Assums that the float consiats of an aluminum tube of type 80€1-T6
with an outer diameter of 7.0 inches and a wall thickneas of 0.5
inch.

At the aurface the density of the float must axceed that of the
sea water in order to sink. At a depth of 2000 fset the seawater
will have increased its density by 0.22 percent (von Arx, 19062). As
the tube sinks it becomss ccqro‘uod dus to the increasing praagure

of its environment. The change r in the outer radius nz i giver by

-Rp 1+(R/&)>
r = 2 [ A3
B 1-«r/B)3
where lll is the imnver radius, p is the exterior pressurs, E ie

Young's wodulus, and u is Poisaon's ratio. At a depth of 2000 feot

the value of r is ~0.0019 inch, causing a decresse in the volume of
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ths float of 0.11 percent. &ince this change i1s very small the
approximate increase in the density of the floa' contributed by the I
comressing tube will also be 0.1l percent. Thus for the floa* to
be neutrally-buoyant at 2000 feet the increase in the density of
the float dus to the deforming rupture disc can be no greater than
0.1l percent. IZ it were as great as 0.1l percent, the float would
change its density at exactly the same rate as the seawater asur-
rounding it as it sank. This means that any amount of negative

buwoyancy imparted to the float at the surface to make it sink initially

5:
3
4
ﬁ,

would cause the float to remain heavier than the water surrounding
it, and go directly to ths bottom of the ocean. Therefore, to '
assure that the float can be made to sink at the surface yet still
become neutrally-buoyant at 2000 feet, one must be certain that the
float will increase its density at a significantly slowsr rate thu-
the eceawater through which it sinks. Thus assume that the change
in the density of the float contributed by the deforming rupture
disc should be no greater than, say 0.080 percent. Then the chang:
in volume of the float at 2000 feet due to thy deformed disc shovld
repressnt no wore than 0.00 percent of the original volume of the
1loat.
At a depth of 4000 feet vhere rupture occurs the volume change
0f the disc will be approximately 3 cubic inches (see Figure V-12).
8ince the centcr deflection changes linearly with depth (see Figure

V=11a) and the volyme is almost directly proportional to the cantar




deflection (see the table in Appendix C, colusn 8), the volume

change at 2000 test would be approximately 1~1/2 cubic inches. I
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of the float, it follows that the smallest float that will uchieve
neutral buoyancy with a preformed disc has a volume of 2500 cuhic
inches. For a ficat with an cuter diameter of 7.0 inches this

means a minimum length of 63.0 inches, or approximately 5-1/2 iret.

All the above assumes, of course, that the opposite end of the tube
in closed by & thick disc which undergoes negligible deformation.
Considering the minimum dimensions for the flocat of the exarple,
it is clear that the use of neutrally-buoyant floats equipped with
pre~formed rupture discs for signalling purposes is certainly Hrac-
tical, provided that the amount of energy released by the implort. s
is detsctable over distances of the order of hundreds of miles,
rather than miles as is the case with most electronic signalli.ng
devices used presently with neutrally-buoyant flosts. In order to
determing more precisely the distance over which implosions cause:’
’ by ruptured discs would be audible, a field sxperiment was con-
ducted in July of 1964 using the SCFAR listening stations of tac
Pacitic Missile Range and the facilities of the Buresu of Commasrcial
Fisheries, U.B. Fish and Wildlife Service, in Honolulu, Hawaii,
8ince for this field experiment neutral buoyancy was cof no
oconsideration, the devicas wers manufactured from aluminum tubes
of type 6061-T6 with an outer diameter of 8.78 inch and an irner
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diamster of 6.00 inoh. The rupture discs were mads 0of aluminum
of type 24ST3, with a thickness of 0.160 inch, and a diameter of
7.80 inch. Each disc was provided cn one side with two mutually
perpendicular grooves, 8.00 inches long and intersecting at the
center of the disc. The grooves were cut with a 60° V-gutter tc a
depth of 0.028 inch for 19 discs, and to a depth of 0,012 inchas
for 8 discs. The discas with the deep grooves were to rupture at
a depth of 2300 feet which corresponds to the depth of the SOFAR
Channel around the Hawiian Iglanda. The purpose of the discs
with the shallow grooves was to discover if enargy released far
below the SOFAR Channel could be detectsd in the channel. Thse tubos
were divided in five groups of five tubes each., The lengths of
the tubes in each of the groups were respectively: 1 foot, 3 faeti,
8 feet, 6 foet and 9 feet.

The rupturs discs were attached to the tubes by means of izert-
gas arc~welding folloving the method used successfully in the pre-
liminary experimsnta (see¢ Figure 11-4). The devices were complet:d
by closing their other ends with aluminum discs, 0.230 inch thick,
and & diamster of 7.80 inch. ‘These bottom discs were also weldea on.

Yor the amctual field tests the suthor joined the r/v Townsend
Cromwell of the buresu of Comsercial Fisheries during an oveanc-
graphic cruise in July of 1064, The Crimwell left Homolulu on

July 12, and returned on August 1. The cruise plan is shown in

Figure Vi=l, A total of ten drops of two or three flioats cach weras
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made, The first two drops were made on the fir:t west to sast leg
of the cruiss, at 11°30'N, BEach drop consisted of a 9 foot float
and a sis foot float. Due to the abssrice of intervening islands,
each was meant for destection at the listening stations on Wake and
Midway. None of these signals were received. All other drops were
msant for detection at the listening station at Kanwohe on tha north
side of Oalu {(see Figure Vi-1),

A complete log of drops 3 through 10 is shown in table Vi-].
The date and time are local time. The latitude and longitude indi-
cate the ship’s position at the time of the drop. 8Since the exact
locations of the SOFAR hydrophones are classified, the distances
show are approximate and are as measured from the ship to the 100
fathom 1ine northeast of Oahu. Approximately an hour before each
drop the station at Kanveohe mas informed by radioc of the intended
drop time. This allowad the pedple at the station to prepare the::
recording equipmsent. All data were to be recorded on magnetioc tape.

The two or three devices to be used were ballasted so that
all would take sbout 15 minutes to sink to 3500 feet (ses Figwre
Vi=2)., They were rolsased at tvo minute intervals. Immediatsly
upon dropping the floats, & Mark 23 Rescue Sigmal was roleased.
This signal consists of a 4 lbs charge of INT which sinks in one
mimite to 2000 feet where it 1is exploded by a detonator sctivated
by hydrostatic pressure. The signalg ars clearly sudible at dis-

tances Up to 3000 miles. In our case they served both as dota
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references marks and means to calibrate the implosive energy of
the floats. The explosion of the Mark 22 was monitored aboard the
Townsend Cromwell and its exact time and the ship's position were
relayed to Kaneohe by radio.

The length of the floats used and their rupture discs are also
indicated in table VI-1l. The last column in the table shows
whe'.her or not the signal from a float was received at Kaneche.

The greatest distance at which a floal was heard is spproximately
1100 km, Only the signal from the 6 foot float was receivad at this
distance, since the © foot float imploded far below the SOFAR Chnnnel.

. The signal recorded on magnetic tape is shown graphically in Figure
Vi3, The Kaneohe listening station has four hydrophones and the
different times of arrival at the phones are due to the differont
locations of the phones. The graphic display shows asplitude of
the signals in decibels versus time. ‘The distance betwecn any tw
consecutive heavy vertical lines represenis 1/2 seconds The distunce
between any two consecutive heavy horigontal lines on the grid
rci:romtn 8 decibels.

" As can be seen from Pigure VI-3, the signal amplitude *s sub-
stantially greater than that of the ever present sea noise, and it
is easy to perceive the signal either graphically or aurally.

Figure Vi-4 shows the signals and relative arrival times for the
Mark 232 Rescue Signal roleased during the fourth drop.

A comparison of Figures Vi-8 and Vi-4 allows one to estimate

ARl o . 4 ki o
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the snergy obtained from an imploded float. Assume that the
amplitude of the recorded signal is proportional to the energy .
released at a fixed distance. Let A dendte the relative amount
of energy contained in the Mark 22 Rescus Signal, and B the rela-
tive amount of energy contained in the 6 foot float, Let D denote
the difference in decibeic between the avsrage pesk smplitude of
the Mark 22 Rescue Signal and the average peak amplitude of the
6 foot float. The reader can verify from Figures VI-3 and VI-4

that D = 20 decibels. By definition

o
!

A
2 08,4 &

or

§ = 10
Thus, the 6 foot float is approximately equivalent to 0.4 lbs of
TNT. Bince the volume of the float was spproximately l.2 cubic
feeot, it follows that at & depth of 323500 feet (1100 psi) a float
wvith & volume of 3 cubic feet has the potential snergy equivalent
to I id of INT,

The shergy relsased by a float i directly proportional to its
volume ‘Cole, i943). If one sssumes that the snergy released by
a float ie alpo proportional to pressure, which is true for spherical
voluases (Cole, 1948), one may extrapolate the above figures to find
that at 1800 psi a volume of 1.8 cuhic feet s potentinlly equivalent

to 1 1b of TNT, This compares favorably with the result stated ia
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Chapter 11 where 11 was tentatively estimated that at 1880 osi
4 cubic feet would be potentially equivalent to 1 lb of "NT (see I
page 7).
The nature of the signals received varied little
from one drop to the next. 7To 1llustrate this Figure VI-5 ghowe
; the signal received from the 5 foot devics releamsed during the

seventh drop at a distance of 550 kn from Kaneche. Of greater

interest for futurs work with rupture discs and deep-ocean nsutrally~

buoyant floats is the frequency~spectrum of the signal obtained

from such floats.

Figures VI=8 through Vi-g8 show the frequsncy analysis at a

single hydrophone for the implosion signals received from drops 4,
7 and O at distances of 1100, 550 and 250 km, respectively. Iu
all figures the lower graph shows on s continuous besis the fre-

Guencies present as & function of time in increzents of 24 cps be-

e e T

tween 4 and 1200 cpa. The total time shown in 8 seconds and is

appm:lpuly centered around the time of arrival of the implosion

signal. Tha wsefulness of the ionr graph in a frequency analysi..

is ll;stpd dus to the overloading of the pre-amplifiers upon arri-al

of the signal. This 18 illustrated by the high frequencies apparently
. prasent at the arrival timss although it is doubtful that the SOFAR

systena was designed to handle such aigh fretuencies.»

» Unfortunately the specifications ¢f the SBOFAR system are clasci-
field, mo that this discussion can only be qualitative.

" & tuANr L Y - - . 2 AN

RO

TS N AR i AL bt S . L e et o oM ¢




83.

The upper gravhs in the three figures shaw the ralativae
amplitude of the frequen:ies present at particular instances of
time. The time base of each of the uppsr graphs coincides pre-
clsely with that of the lower graph. In all three figures a tre-
quency analysis of the incoming signal is shown a few seconds
before the arrival of the implosion signal, immediately aftar
the arrival, and & few ssconds after the arrival. The first and
third analysis show the amplitude of the frequencies present in
the background noise for that particular period of time.

1t can be seen from Figures Vi=6 and VI-7 that the frequencies

of the energy released by the Amplosion of a 6 foot float and a

. & foot float lie katween 250 cops and 600 ops with a psak at 350

cps. This is well above the frequencies found in sea noise, vhich
usually iie below 200 cps with & peak near 80 cps. It would be
desirabie, however, if the spread of the frequency were smsller i1
ordsr to increase the relative amplitude of the peak. Also, if
the peak were at 350 cps rather than 350 cps, the effscts of long-
distance attemuation would be decreased. The main purpose of Figure
Vi=-8 1s to illustrate that the frequencies of the energy releassu
by a sse)l float (1 foot) are considerably higher (300 to 900 cps)
and ary not attenuated appreciably over a short distance. It is
interesting to note thet the only time a signal wes received from
s float imploded far below the S0FAR Channel was for a drop quite

clogse to the station (see table Vi-l, Float No. 3l).
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The field experimsnt off the Hawaiian Islands haw ahswn that
the use of rupture discs for underwater signalling over signifi-
cant distances is certoinly feasible. 7The resuits obtained as to
the amount of energy released and the frequency spectrum of the
fsploding floats indicste that further work in this direction 1s

both necessary snd worthwhile, These future aspects are discussec

in the concluding chapter of this papei.
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Figure Vi-},

Cruise of the R/V Townsend Cromwell.
July 12 = August 1, 1964,
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Figure Vi-2. Left: The floats eboard the R/V Townsend
Cromwel ],
Right: Setting a float overboard,
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Vil, CONCLUSIOR

Thie édpeciimiis performed with rupture discs in the laboratory
and in the Pacific Ocean have shown that hollow cylindrical floats
equipped with rupture discs ars useful for long-distance uvnderwater
signalling. The work has yielded technical kiowledge concerning
the fadrication of rupture disos and their attzchment to floats.
The expsrixents have resulted in numerical information useful in
further work witk rupture discs and long~distance signalling in
ths S8OFAR Channel.

i1t is clear that for future work, rupture discs have to be
devcloped with a uniform thickness varying less than 0.001 inch
over the disc, and with a groove depth accurate well within 0.00J
inch. B8ince such close m'l.oran«o are difficult to achieve with
rolled metal materials it may be desirable to examine the possi-~
bility of using discs cast in s mold. Ths grooves might bYe cast
B8 an integral part of the »old, or they might be cut on a milling
machine., If casting or wolding proves feasidble, it would be of
interest to consider using one or more of the wodern plastics such
as LEXAN (a poly~carbonate) or CELCON (an scetal polymer). Both
these mate. ials are noted for their molding properties and their
axoeptional flexular strength. In large quantitiss, Woth would be
cheapay to0 produce than any type of metal disc.

The pocsibility that discs may be molded out 62 plastics quite
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naturally leads one to consider using plastic flosts. Again, the
use of the previously mentioned materials for the coastruction of
floats is perfectly feasible. Howver, tubes of the large dimsn-
sions needed for oceanographic purposes would have such a gresat
wall thickness when made of plastic that their cost might become
prohibitive. One immediate advantage of using plastic floats snd
plastie rupture discs is the ease with which the two may be joined.
Any number of commsrcially available resin epoxievs will yield a
bond between the two parts far stronger than the original mater:al.

Although welding is a satisfactory means of attaching aluminum
dises to sluminua floats, it is too exponsive for large—scale fabri-
cation of nsutrally-buoyant floats equipped with rupture discs. The
cost of other sound means thin welding will alsc be prohibitiv: i
any project where the cost psar iliat imst be minimized due to the

large nuaber of floats to be ussd. It is possible, however, taat

‘aluminum discs could be attsched to fluaie by means of epoxies.

Although this bond would not be as strong as a widad bond; the d:ac

would be sealed firmly against the tubs by hydrostatic pressure at

. the pressurss required tc deform the disc to such an extent as tc

break the epoxy bond.

The Hawaiian experiment was successful in that it gave a dafinite
msagurement of the amount of potential energy carried by a fioet
equipped with a rupture disc. It also became clear, however, that

turther ressarch snd deveiopaent wers necessary not only tc dete:xine
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the size of floats necassary for cosan-wids signalling but also to
determing the type of float and disc necessary to yield an implosicn
with a desirable froquengy spectruam.

If it is trus that the amount of energy released at a given
depth 1s proportional to the volume of the float, it seems a simple
matter to obtain higher energy levels by inoreasing the length or
the diameter of tho floats. Increasing the length of a float much
beyond 10 or 12 feet is not practical, both hecause of handling and
stovage problems ami becauss the incresase in volume is only }:ropar-
tional to the increase in length. Since the volume increascs as the
square of the diameter, it is wore desirable to increase the diamster
of the float. Doing this is also subject to a practical limit, howe
ever, for as the diameter increases the wall thickness must incre. se
in direct proportion to maintain the low compressibility of the
float necessary for neutral buoyancy. For example, onhs can increnss
the potsutial energy of a float .ut a given pressure nine-fold by
tripling its diameter. To msintair the sane low compressibility
ons must triple the wall=thickness. 8ince the circumterence has

8180 tripled one is faced with at least a nine-fold increase in tie

‘waight of the float. The same increase in volume can be achieved be

incressing the length of the original float, and tims its weight,
nine—=fold. One then has the interesting rasult that thr potentiali
energy of a fiost 12 directly proportional to its weight., Thias

again points to the need for finding cheaper materiils for the -
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construction of the floats.

Neutrally~buoyant floats with long-distance signalling capa~
iail bw useiui in the study of currents at depth in the
ocean. For this purpose two types of ticet have to be designed.
One would drift above the S0FAR Channel and sventually sink in tc
the channel to implode, and the -:ccud would drift below the SOFAR
Channsl and eventually rise into the channsl to implode. Vherears
the design of the Iirst type s straight Zorward, that of the seccud
poses more problems. Since at nsutral buoyancy the float would de
exposed tO pressures great enough to rupture its disc, the rupture
disc would have to be protected until the float arrived in the
SOFAR Channel from below. One design possibility would be to aquip
a float with extra ballast. After drifting at sowe dupth below ti.°
SOFPAR Channel for a predetermined period of time, this extra ballast
would be relessed and the float would ascend. Since its rate of
ascent, its floating depth, and its implosion depth are known, the
protective covering of the disc may be dastroyed after the proper
length of time when the float should be in the S0FAR Chamnel. Tho
simplest way to destroy the disc's protection is by »cans of a small
explosive charge.

In order to make neutrally=buoyant floets squipped with long-
range signalling devices truly useful to oceanographers, it is cioar
that soms sort of world-wide organiszation has to be establishad to

organise the releese of floats and the reception of their signals.
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Wharass ths nnat of the fleats ean ba kent low. tha cost and recuire-
ments of maintaining iistening installations covering all oceans
are such that international cooperation is an absoluts necessity.
11 the many SOFAR listaning stations already established in many
parts of the world ocould be made available for the detection of
signals from floats, the main function of such an organisation
would bs to coordinats the release of the floats and the distri.-
bution of the data collected at the various stations. It is the
author‘s hope that international cooperation will improve to such

an sxtent that the project ocutlined above will bacome feasible.
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Appendix A. SOFAR

SOFAR gtands for SOund Fixing And Ranging and usually refers
to the system for determining the l.ou.ttoq of underwater sound
signals generated as far as 3000 miles from shore. In this con-
nectiocn one often refers to the SOFAR Channel by which is meant ¢
deep layer in the Ocean, approximately parallel to the surfacs,
in which the velocity ¢f sound has its minimum.

The major influences on sound velocity in the ocesn are pro-
vided by temperature and pressure. In moat cases the effect of
the variation in salinity is sufficiently small to be ignored. It
is assumed that the static pressurs increases linearly with deptih,
disregarding the small deviations arising from density variations
due to varying tesmperature and salinity.

If one ignores the effects of diurnal heating and cooling in
tla. top 100 or 200 meters of the ocean, it is known that the tem-
fontuu of the water decreases rapidly and momnitonically to a
depth of approximately 3000 feet. This layer is known as the mai:
thermocline. In this layer the effects of the negative temperaturs
gradient far outweighs the effects of the linearly incroasing pres—~
sure and the velocity of sound will decroass acnitonically with
depth. )

Below the bottom of the thermocline the temperaturs remains

spproximately constant and incréeasing pressure becomes the dominant
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factor in detsrmining the sound valocity. Thus we find that below

the main thermocline the velocity of sound will increase wonitoni-~

A.csny with depth, Thus the bottom of the main thermocline defines

the depth at which the velocity of sound has its winimum. Thia
depth is cailed the axis of the SGFAR Channel.

Since the bottom of the therwocline changes its depth vary
gradually from one location in the ocean to the next, ranging in
depth from 1000 to 6000 feet, it follows that the SOFAR Channel 1is
usually parallel to the surface. The average depth of the axis of
the SBOFAR Channal is 3000 feet.

Consider the sound signal originated on the axis of the channel.
Due to the increasing welocity of sound both above and below the
axis, mosat energy originally traveling away from the axis will be
refracted back towrds the axis. Thus the spreading of the energy
is two-dimensional rather than three=dimensional. BEnergy is greatly
conserved and signals generated on the axis may be received by

hydrophones placed on the axis at distances as great as 8000 miles.
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Appendix B, ENGINEERING CALCULATICNS

Both the tube and the bottom plate of the instrument are
machined from steel. For both Young's modulus, E, is 30 x 10% pei
and Poisson's ratio, u, is 0.3, The 13 tie rods are made from
strain tempered steel with a minimum yield strength of 100,000 psi.

The maximum internal working pressure of the tube may be found

from Barlow's formls:

28¢
PB—B-.

where

P = purgting pressure (psi)

5 = wultimate tensiles strength of tuhe (psi)

t = wall thickness of tube (inches)

D = outer diameter of tube (inches)
For the tubing used 8 = 80,000 psi, and with a wall thickress of
7/8 inch and an cuter diameter of 7-3/4 inch it follows that tho
bursting pressure is approximately 18,000 psi. For operating cor-
ditions characterized by s steady, gradually increasing pressure a
safety factor of 3 is sufficient. Thus the tube is absolutely safs
up to 8000 pai.

The minimum yvield strength of the tie rods is 160,000 psi. The

woakest part of sach rod is the threaded part which has an area

of 0.28 square inch. Thus ths maximum force to which any rod may
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be subjected is 28,000 pounds. 8ince 13 rods ars used the total

force exertsd upon the disc by the hydraulic fluid in the tube

sannot awscsad A0 OO0 wounda. COonatidesine the

Wetmwwue wmrT gwww g ane

.......... 4 arasy of the disc,
it follows that the 10 rods will hold the collar for sll pressures
less than 18,000 psi. Aguain assuming a safety factor of 3 it
follows that ths instrument may be used in absolute safety witih
internsl working pressvures of up to 5000 psi.

To calculate the angle of the bevel required to maintain a
tight closure between the tube and the collar, assums a working

pressure of 3000 psi. This figure is chosen cut of convenience,

- for all expansions are linear and any figure below 5000 psi would

serve oqually well,
The change in the outer diameter of a tube, not constrainud
at either end, subjected to an internal prassure far greater

than the axternal pressure, is given by

2
a = %@ [Arlam)
1 - (/w3
vhere

d = changs in diameter {inches)
a = inner diameter (inches)

b = outer diameter (inches)

p = internal pressurs (psi)

E = Young's modulus (psi)

u = Poisson's ratio

P
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For the tube used in the instrument it is caleulatad that
d = 0.0026 inch. Thus the change in the outer radius (r) is
r = 0.,0013 inch.

At 3000 psi the collar is subjected to a force of 85,000
pounds. Thus the collar oxerts 5,700 pounds upon each of the 15
tie rods. Each rod consists of two parts; a threaded part with
a corss~sactional area of 0,08 square inches, and an unthreaded
part with a cross-sectional area ot 0.44 square inches., With a
force of 8,700 pounds on the rod the threaded part is subjected
to a stress of 20,000 psi and the unthreaded part is subject to

a stress of 13,000 psi. Young's modulus (E) is by definition

stress
strain °’

vhere the atrain is a measure in inches per inch of the change in
the length of a rod subjected to a stress. Thus for the threaded

part of the rod the strain is 0.87 X 10”3

inches per inch, while
for the unthreaded part the strain is 0,43 X 10™2 inches per inch.
8ince the length of the unthreadsd part is 2,875 inch, and since
one may estimate that the length of the threaded part of the rod
subject to lengthwise strain is approximately 3/4 inch, it follows
that the change in the length of the rods at 2000 psi is approxi-
mately 0.,0018 inch.
Thus, vhen the tube expands radiaslly by 0.0013 (r) inch it

st travel upwards at least 0.0018 (L) inch. It follows that the
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tangent of the angle of the bevel, the angle being meagured from

R¥H s ety

the vertical, must be no greater than r/t = 0.722. Thus the angle
mist be no greater than 33°45°, I

Following tha ahove comnutation, the angle of tha havel in

i‘*l

the instrument is 30°. It wvas felt that this angle would be stesp
snough to provide a continuous closurs between the tube and the
collar without being so steep &s to cause the tube to bind against

the bottom plate.
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Appendix C. VOLUME UNDER THE DISCS

it was pointed out in Chapter V that all disce behave like mem~

&

sl e

2

branes under uniform tension near the pressure at which they rupture.

Thus one may assume thet the profiles through the centers of the discs

b

as shown in Figuraes V-4 through V=11 are arcs of circles. For each

i

o

Ay

disc the radius of the circle is equal to the radius of the spherc.

A typicel profile through the center of a spherically deformed

:

Y

E
4

disc is shown in Figure C-1, The arc ABE represents the disc. The
point B is at the center of the disc and bisects the arc, Let C be
the imsginary center of the sphere. Then CB is perpendicular to AR
and bisects AE., CB is the radius R of the sphere. Let the point D
divide the line AB into two equal segments. Then the two triasgles

ADC and BDC are congrusnt and it follows that

= DB
cosp °
Lat the deflection UB at the center be denoted by d. Then

-1 .d-
AO
Since AE = 8 inches, 1+ follows that A0 = 3. It is also clear from

; ; Figure C-1 that

e ——

1
= ™= 2
S

It follows that the radius R is a function of the center deflection

d only and is given by

e A S - ot s
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R = smecmmsmommmsnes inch.

2 poa {ont T 2)

Vith the x=axis and the z-axis as shown in Figure C-l, and
with the y~axis perpeandicular to the figure at the point 0, the

equation of the sphexrs in cylindrical coordinates is

r + Lz - (d--R')]2 = r? ,

The volume under the disc is tr° vciume of the part of the sphore
located above the plane z = . This volume may be found by inte—

gration:

<
[

J'd ACz) dx
o

<
1]

' I: rz dz

-
U

a
vj' R? - [z = (4 = ]2 4z
[+]

[
t

3
H(Rdz-g-)

The results of the calculations yielding radii and volume changes

for directly ruptured disce and preformed discs are tabulated in

Table C=1, %he volume changes are plontted as a function of rupture

prassure or depth in Figure V-12,
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Figure C=1., Geometry required to calculate the change in
. volume of a deforming disc. See Appendix C.
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